Abstract: In this study we provide a phylogenetically based introduction to the classes and orders of Pucciniomycotina (5Urediniomycetes), one of three subphyla of Basidiomycota. More than 8000 species of Pucciniomycotina have been described including putative saprotrophs and parasites of plants, animals and fungi. The overwhelming majority of these (,90%) belong to a single order of obligate plant pathogens, the Pucciniales (5Uredinales), or rust fungi. We have assembled a dataset of previously published and newly generated sequence data from two nuclear rDNA genes (large subunit and small subunit) including exemplars from all known major groups in order to test hypotheses about evolutionary relationships among the Pucciniomycotina. The utility of combining nuc-lsu sequences spanning the entire D1-D3 region with complete nuc-ssu sequences for resolution and support of nodes is discussed. Our study confirms Pucciniomycotina as a monophyletic group of Basidiomycota. In total our results support eight major clades ranked as classes (Agaricostilbomycetes, Atractiellomycetes, Classiculomycetes, Cryptomycocolacomycetes, Cystobasidiomycetes, Microbotryomycetes, Mixiomycetes and Pucciniomycetes) and 18 orders.
INTRODUCTION
One-third of described Basidiomycota belong to subphylum Pucciniomycotina (5Urediniomycetes sensu Swann and Taylor 1995) . Roughly 7000 of these, or ,90%, belong to a single order, Pucciniales (5Uredinales G. Winter) or the rust fungi (Kirk et al 2001) . The remaining fungi within the Pucciniomycotina are remarkably diverse ecologically, biologically and physiologically; only with the relatively recent advent of ultrastructure, biochemical and molecular systematic studies have the relatedness of the varied fungi now placed in the Pucciniomycotina become apparent. These include Microbotryales, phytopathogens once classified in the Ustilaginomycotina (true smuts and relatives, Ustilaginomycetes sensu Bauer et al 2001) ; numerous basidiomycetous yeasts formerly allied with Auriculariales and other groups of Agaricomycotina (mushroom-forming fungi and related taxa; Hymenomycetes sensu Swann and Taylor 1993) ; and at least one species, Mixia osmundae, formerly classified within the Ascomycota (Nishida et al 1995) .
Most species of Pucciniomycotina are parasitic and the group includes phytopathogens (e.g. Pucciniales, Microbotryales), mycoparasites (e.g. Tuberculina, Spiculogloea) and entomopathogens (e.g. Septobasidiales). A few are putatively saprotrophic or are of unknown trophic habit. Pucciniomycotina species are present in most habitats including freshwater and marine environments (Swann et al 2001) . Dimorphism, cryptic fructifications, heteroecism and multiple spore types all have evolved in at least some lineages of Pucciniomycotina, hampering the collection of complete biological and life cycle data for many taxa. Yet species of Pucciniomycotina are causal agents of some of the most devastating diseases of crops, may cause opportunistic disease in humans and have shown potential as biological control organisms of invasive plants and of other pathogenic fungi (e.g. Evans 1993 , Swann et al 2001 .
A few Pucciniomycotina species produce basidiocarps, these typically being simple stipitate-capitate (stilboid) or resupinate (FIG. 1b) structures. Some Pucciniomycotina species form hyphae (filamentous) or yeasts or both (dimorphic) (FIG. 1d) . Members of the Pucciniales produce spore-filled fruiting structures termed sori (FIG. 1f ) . Basidia of teleomorphic species may take the form of teliospores, holobasidia or phragmobasidia, and basidiospores may be sessile, gasteroid or forcibly discharged. The Pucciniomycotina is distinguished from the other two major clades of Basidiomycota by the possession of simple septal pores that lack membrane-bound caps (Swann et al 2001, Weiß et al 2004 and references therein) . In addition the cell wall sugar composition of the Pucciniomycotina differs from that in the Ustilaginomycotina and Agaricomycotina (Prillinger et al 2002) .
Diverse approaches have been used to delimit taxa within the Pucciniomycotina, including studies of ultrastructural, physiological, biochemical and ecological characters. Molecular characters have had a major impact on our understanding of the phylogenetic relationships of Pucciniomycotina. As early as 1985 Gottschalk and Blanz showed that the secondary structure of 5S ribosomal RNA in some species of Pucciniomycotina differs from that of some other lineages of Basidiomycota. The pioneering studies of Swann and colleagues Taylor 1993, 1995; Swann et al 1999) used nuclear small subunit (nuc-ssu) rDNA sequences to support the monophyly of the Pucciniomycotina and a number of major clades. Other studies have employed a region of about 500-650 bp at the 59 end of the nuclear large subunit (nuc-lsu) rDNA, containing the highly variable divergent domains D1 and D2 (Hassouna et al 1984) providing resolution for many clades within the Pucciniomycotina (e.g. Fell et al 2001 , Bauer et al 2006 . However D1-D2 sequences have provided only weak support for monophyly of Pucciniomycotina (Begerow et al 1997 , Berres et al 1995 , or have resolved the group as a paraphyletic assemblage from which the Ustilaginomycotina and Agaricomycotina have been derived . Nor were analyses of a third gene, that coding for btubulin, able to recover a monophyletic Pucciniomycotina (Begerow et al 2004) . Because of the published discrepancies in tree topologies and support values, monophyly for the group has yet to be established conclusively by molecular analyses.
Current major classifications of Pucciniomycotina include those of Kirk et al (2001) , Swann et al (2001) , Weiß et al (2004) and Bauer et al (2006) . The latter three classifications have many similarities (SUPPLE-MENTARY TABLE I). However there are also differences between these systems in both resolution and composition of taxa. Kirk et al (2001) divide the Pucciniomycotina (as Urediniomycetes) into five orders and do not include subclasses; thus their classification is quite different from the others.
The goal of the present study is to reassess the higher level systematics of the Pucciniomycotina with combined analyses of nuc-lsu rDNA and nuc-ssu rDNA sequences. Two other studies have included a simultaneous analysis of nuc-lsu and nuc-ssu rDNA sequences of Pucciniomycotina (Lutzoni et al 2004 , Bauer et al 2006 . However the former was focused on relationships across the Fungi and it included only 14 species of Pucciniomycotina, of which 10 were members of the Pucciniales and the combined analysis in the latter employed only 25 species of Pucciniomycotina and did not cover all major lineages. In the present study we compile and analyze datasets containing new and previously published sequences that represent 174 species from all major groups of Pucciniomycotina. We assess the ability of different rDNA genes and gene regions to recover and support each clade, and we provide an overview of the classes and orders of Pucciniomycotina.
MATERIALS AND METHODS
This study uses both newly generated sequences and sequences that were retrieved from GenBank from more than 80 studies (SUPPLEMENTARY TABLE II). Some Pucciniales sequences were generated with the methods described in Aime (2006) ; sequences of Jola spp. were generated as in Frieders (1997) . Descriptions of laboratory methods pertaining to the majority of new sequences produced at Clark University can be found online (SUPPLE-MENTARY APPENDIX 1).
The entire data matrix contains 208 operational taxonomic units (OTUs) including six Ascomycota that were used for rooting purposes, nine Ustilaginomycotina, four Agaricomycotina and 189 Pucciniomycotina that represent 174 species (26 species of Pucciniomycotina are represented by two OTUs and one species is represented by three OTUs). One OTU, Septobasidium sp., is represented by a nuc-lsu rDNA sequence deposited as Septobasidium sp. and a nuc-ssu rDNA sequence deposited as Septobasidium canescens. All other OTUs include sequences from the same putative species and where possible from the same collection or isolate (SUPPLEMENTARY TABLE II). Alignments are available from the first and/or last author on request. We performed analyses using two sets of OTUs. Dataset 1 contains the 128 OTUs that have both nuc-lsu and nuc-ssu rDNA, including all the Ascomycota, Ustilaginomycotina and Agaricomycotina, and 109 Pucciniomycotina that include representatives of all the major groups in the classifications of Swann et al (2001) , Weiß et al (2004) and Bauer et al (2006) This work brings together data from more than 80 studies along with newly generated data to provide the first multigene molecular analyses for all major clades of Pucciniomycotina. The present study strongly supports monophyly of the Pucciniomycotina (FIG. 2) . We recover eight major clades containing 18 subclades ( SUPPLEMENTARY FIG. 3) , which most closely correspond to the classification of Bauer et al (2006) . All higher taxa of Pucciniomycotina recognized in the present study are supported by bootstrap values of at least 90% in one or more of our analyses and have Bayesian posterior probabilities of at least 0.98 with the exception of the Sporidiobolales, Agaricostilbomycetes including Spiculogloeales, and the Cryptomycocolacales which is represented by only a single nuc-lsu sequence ( SUPPLEMENTARY FIG. 3) .
The names of higher taxa used here follow the classification formalized in Bauer et al (2006) . The classification of Bauer et al (2006) is different from earlier classifications (SUPPLEMENTARY TABLE I) in that more groups are named and recognized as formal taxa (e.g. Cystobasidiomycetes); groups formerly ranked as subclasses were elevated to the rank of class (e.g. Microbotryomycetes); and higher level names prefixed ''Uredinio-'' or ''Uredin-'' have been replaced by names based on Puccinia, the largest genus within the Pucciniomycotina (Kirk et al 2001) .
Many of the genera of Pucciniomycotina are not monophyletic, notably anamorphic yeasts such as Rhodotorula and Sporobolomyces (Weiß et al 2004, FIG. 2) . One of the obvious obstacles to diagnose Pucciniomycotina taxa is the homoplasious nature of the micromorphological characters available Oberwinkler 1991a, Bauer et al 2006) . Ultrastructural characters, for example, structure of spindle pole body or the presence of colacosomes in many Microbotryomycetes (Swann et al 1999) appear promising for delimiting natural groups. However at present the major obstacle to applying meaningful diagnoses to these groups is the dearth of ultrastructural, ecological and life-cycle data for most Pucciniomycotina members.
Descriptions of higher level taxa.-Pucciniomycetes. This is the most speciose class of Pucciniomycotina. We have resolved four orders (Helicobasidiales, Platygloeales s. str., Pucciniales and Septobasidiales). A fifth order, Pachnocybales (Bauer et al 2006) , is represented by a single species, Pachnocybe ferruginea ( SUPPLEMENTARY FIG. 3 ) although molecular evidence from other studies places this taxon within the Septobasidiales (Berres et al 1995 , Frieders 1997 , Henk and Vilgalys 2006 . With the exception of P. ferruginea, which as a holobasidia-producing saprotroph (Kropp and Corden 1986, Bauer and Oberwinkler 1990) holds an isolated position within the class, and Platygloea disciformis, which may be saprotrophic, all known members are parasitic and produce phragmobasidia or teliospores.
The members of the Helicobasidiales produce a dikaryophase (Helicobasidium) that is parasitic on plant roots and a haplophase (Tuberculina) that is parasitic on rust fungi (Lutz et al 2004b) . Species of Tuberculina are capable only of infecting rusts in the haploid stage of development (Thirumalachar 1941) and the host-specificity of some species (Lutz et al 2004a) might make them candidates for biocontrol. Lutz et al (2004c) discuss the confused taxonomic history of Tuberculina. The position of H. corticioides could not be confirmed with nuc-ssu data alone ( SUPPLEMENTARY FIG. 3) .
Until relatively recently all basidiomycetes with transversely septate basidia (termed auricularioid) were classified in the rusts, smuts (Ustilaginales) or Auriculariales (Agaricomycotina). Moore (1990) created the Platygloeales by removing those species that produced simple (rather than dolipore) septal pores from the Auriculariales. The order now is considered to contain mostly phytoparasitic species in the genera Platygloea, Insolibasidium, Herpobasidium, Eocronartium and Jola. These last two genera include species that are parasitic on mosses, produce conidia and develop basidiomata which, in the case of Eocronartium, are clavarioid fruiting bodies that may reach up to 15 mm tall (Atkinson 1902, Frieders and McLaughlin 2001) (FIG. 1a, c) . Fitzpatrick (1918) provides descriptions and illustrations of the life cycle, cytology, host-range and taxonomy of E. muscicola, and the host-parasite interaction is described in Boehm and McLaughlin (1988) . The columnar type of fructification (FIG. 1c) similar to that of the rust genus Cronartium led Atkinson (1902) to hypothesize a close relationship between Eocronartium and the Pucciniales, which is supported by molecular analyses (FIG. 2) . The unsupported association of Platygloea pustulata with the Septobasidiales ( SUPPLEMENTARY  FIG. 3 ) might be an artifact of our supermatrix approach (see SUPPLEMENTARY APPENDIX 2) for which additional gene sampling might be necessary to resolve.
Species of Septobasidiales are unique in that they are parasites of scale insects. This is the second largest order of Pucciniomycotina, with more than 170 described species (Kirk et al 2001) , nearly all of which belong to the genus Septobasidium. The principal reference is Couch's 1938 publication ''The Genus Septobasidium''. These fungi are found as mats of hyphae covering infected scale insects on plants (FIG. 1b) . The life cycle ( SUPPLEMENTARY FIG. 4) of Septobasidium has been relatively well characterized and includes the only known occurrence of a yeast stage in the Pucciniomycetes. Members of the order live primarily as dikaryons and undergo meiosis within probasidia (Couch 1938 , Olive 1943 . Auriculoscypha, Coccidiodictyon, Uredinella and Ordonia are the other genera included in the Septobasidiales (Oberwinkler 1989, Henk and Vilgalys 2006) .
Pucciniales species are obligate parasites of vascular plants (FIG. 1f) and have developed the most complex life cycles of any Fungi (Cummins and Hiratsuka 2003) (SUPPLEMENTARY FIG. 5) . Rusts are phenotypically and genetically plastic organisms with many characters that set them apart from other Basidiomycota including the development of spermogonia, heteroecism and the occurrence of up to six different spore types (Laundon 1973 , Hennen and Buriticá 1980 , Cummins and Hiratsuka 2003 . Approximately 115 (Cummins and Hiratsuka 2003) to 163 (Kirk et al 2001) genera of Pucciniales currently are recognized and family classification remains contentious (Hennen and Buriticá 1980 , Ono and Hennen 1983 , Kirk et al 2001 . Three recent studies of molecular data from nuc-lsu (Maier et al 2003) , nuc-ssu (Wingfield et al 2004) and combined nuc rDNA genes (Aime 2006) have provided confirmation for some families (e.g. Melampsoraceae) and highlighted others requiring revision (e.g. Pucciniaceae). The origins of the Pucciniales and their relationship to other Basidiomycota have been a ripe field for conjecture. Many early hypotheses of basidiomycete evolution consider Pucciniales as the most ''primitive'' Basidiomycota from which all other lineages are derived (e.g. Linder 1940 , Savile 1955 . Our results confirm other molecular studies (Prillinger et al 2002 , Lutzoni et al 2004 that show the Pucciniales as derived from lineages that include insect and nonvascular plant parasites (FIG. 2) .
Cystobasidiomycetes.-Our data resolve two orders of Cystobasidiomycetes. A third order, Naohideales, has been proposed (Bauer et al 2006) but it is here represented solely by nuc-lsu sequences of Naohidea sebacea, a mycoparasite ( SUPPLEMENTARY FIG. 3) . Three mostly monotypic taxa, Sakaguchia (isolated from marine habitats), Cyrenella and Bannoa, cannot be placed into orders with our data. The Cystobasidiales include both anamorphic yeasts and dimorphic yeasts that produce clamp connections and auricularioid basidia without basidiocarps. Genera included in this order are Occultifur (O. internus is a mycoparasite Atractiellomycetes.-The Atractiellomycetes contain a single order, Atractiellales, originally erected to accommodate gasteroid auricularioid species with simple septa formerly placed in the Auriculariales (Oberwinkler and Bandoni 1982) . Walker (1984) and Gottschalk and Blanz (1985) recognized the artificiality of this group, which, as supported by our data, is limited to include the genera Atractiella, Saccoblastia, Hobsonia, Pleurocolla, Helicogloea, Platygloea p.p. and Phleogena. No yeast state is known for these fungi (Swann et al 2001) but some may produce conidia. Atractiella and Phleogena produce stilboid fruitbodies. All members of this class studied thus far possess unique ultrastructural organelles of unknown function termed symplechosomes (Oberwinkler and Bauer 1989 , McLaughlin 1990 , Bauer and Oberwinkler 1991b .
Agaricostilbomycetes.-Our data strongly support a monophyletic Agaricostilbales that is supported as sister of the Spiculogloeales in Bayesian analyses (FIG. 2) . Blanz and Gottschalk (1986) found that structure of the 5S rRNA in Agaricostilbum pulcherrimum, a small gasteroid fungus found worldwide on palms, was unique from all examined basidiomycetes and posited that this taxon held an isolated position within the heterobasidiomycetes. Agaricostilbum is also unusual in that the nuclei divide in the parent cell rather than in the bud cell (Frieders and McLaughlin 1996) , and a similar mitotic pattern was found in the closely related Stilbum vulgare but not in the more distantly related ( SUPPLEMENTARY FIG. 3) yeast Bensingtonia yuccicola (McLaughlin et al 2004) . The yeast phase of the life cycle of A. pulcherrimum is illustrated in Frieders and McLaughlin (1996) . Other genera placed in the Agaricostilbales include Bensingtonia, Kondoa, Sterigmatomyces, Sporobolomyces p.p., Chionosphaera, Stilbum, Mycogloea p.p. and Kurtzmanomyces. These include gasteroid yeasts with auricularioid basidia (e.g. Agaricostilbum hyphaenes), gasteroid yeasts with holobasidia (e.g. Chionosphaera apobasidialis), and teliospore-forming yeasts (e.g. Kondoa malvinella). Chionosphaera species produce clamps and microscopic stipitate-capitate fruiting structures and are mycophilic, associated with lichens and beetle gallery fungi (Kirschner et al 2001a) .
The order Spiculogloeales has been placed within the Agaricostilbomycetes by Bauer et al (2006) and contains Mycogloea p.p., Spiculogloea and some anamorphic Sporobolomyces spp. Characters shared by the teleomorphic species of this order include dimorphism, mycoparasitism and tremelloid haustorial cells subtended by clamp connections (Bandoni 1998) . Mycogloea does not appear monophyletic with these data (SUPPLEMENTARY FIG. 3 ) and additional molecular (combined nuc-lsu and nuc-ssu sequences could not be obtained for any Spiculogloea or Mycogloea species for this study) and taxonomic sampling, including the type species of Mycogloea, are needed to resolve their placement.
Microbotryomycetes.-This group includes mycoparasites, phytopathogens and putative saprotrophs with a diversity of micromorphological characters. Many species contain organelles, termed colacosomes, that are associated with mycoparasitism (Bauer and Oberwinkler 1991a) . Four orders are recognized: Heterogastridiales (Oberwinkler et al 1990b) , which are mycoparasites and include the aquatic genus Heterogastridium; Leucosporidiales (Sampaio et al 2003) , which includes the teliospore-forming yeast Leucosporidium and two other genera, Mastigobasidium and Leucosporidiella; the Sporidiobolales (Sampaio et al 2003) , including the genera Rhodotorula p.p., Sporidiobolus (FIG. 1d, e) , Sporobolomyces p.p. and Rhodosporidium (a teliospore-forming yeast illustrated in SUPPLEMENTARY FIG. 6) ; and the Microbotryales (Bauer et al 1997) . Members of Microbotryales are teliospore-forming phytopathogens that once were classified within the Ustilaginomycotina and include the genera Bauerago, Fulvisporium, Aurantiosporium, Rhodotorula p.p., Ustilentyloma, Liroa, Microbotryum and Sphacelotheca. Microbotryum violaceum has become an important model organism for co-evolutionary and population genetics studies between pathogens and their hosts (e.g. Antonovics et al 2002) .
Additional taxa that belong to this class but could not be assigned to an order are Colacogloea (a monotypic, mycoparasitic genus that possesses colacosomes, Oberwinkler et al 1990a) , Kriegeria (a monotypic sedge parasite with an anamorphic yeast stage and unique multiperforate septa, Doubles and McLaughlin 1991, Swann et al 1999) , Camptobasidium (a monotypic aquatic hyphomycete associated with decaying leaf litter, Marvanová and Suberkropp 1990) , Rhodotorula p.p., Sporobolomyces p.p., Bensingtonia yamatoana and Leucosporidium antarcticum.
Classiculomycetes.-This class contains a single order, the Classiculales, containing aquatic fungi of fresh-water habitats . Classicula fluitans is the teleomorph of the hyphomycete Naiadella fluitans and produces auricularioid basidia and clamp connections. Jaculispora submersa is an aquatic hyphomycete for which no teleomorph has been discovered. Classicula is unique in forming subapically swollen sterigmata . Classicula fluitans forms tremelloid haustorial cells that were observed to occasionally self-parasitize in culture, which might indicate a mycoparasitic habit for this fungus .
Cryptomycocolacomycetes.-This class contains a single order, Cryptomycocolacales, represented by the genus Cryptomycocolax, a mycoparasitic fungus that infects ascomycete sclerotia (Oberwinkler and Bauer 1990 ) and has been placed in the Ustilaginomycotina (Kirk et al 2001) . Our study confirms the placement of this clade within the Pucciniomycotina (SUPPLE- MENTARY FIG. 3) . Cryptomycocolacales species are the only fungi outside the Microbotryomycetes that possess colacosomes, which might indicate a sister group relationship between the two. Cryptomycocolax has a unique mode of basidium development that on the other hand might be indicative of a basal position within the Pucciniomycotina (Oberwinkler and Bauer 1990) . Transmission electron microscopy studies of another genus of colacosome-producing mycoparasites, Colacosiphon, indicate that it belongs in the Cryptomycocolacales (Kirschner et al 2001b) . Both genera are monotypic.
Mixiomycetes.-This class, containing the Mixiales, is monotypic containing a single fern parasite, Mixia osmundae. Until recently M. osmundae was classified within the Ascomycota (Nishida et al 1995) and remains isolated within the Pucciniomycotina with no known close relatives (Swann et al 1999 (Swann et al , 2001 FIG. 2) . Mixia osmundae is a blastosporic yeast, although it has not been established whether it produces meiospores or mitospores. The hyphae are multinucleate containing few septa (Kramer 1958 , Nishida et al 1995 , Swann et al 2001 .
Incertae sedis.-Reniforma strues was isolated from biofilms in a wastewater treatment plant in West Virginia (Pore and Sorenson 1990) . It is a yeast that, unlike any other known basidiomycete, produces kidney-shaped (reniform) somatic cells. Its classification within the Basidiomycota is confirmed with these data, yet its position within the Pucciniomycotina could not be fully resolved with nuc-lsu data alone ( SUPPLEMENTARY FIG. 3) .
Concluding remarks.-While our results provide the first support for many of the higher level clades of Pucciniomycotina formalized in the classification of Bauer et al (2006) , many nodes, especially along the backbone, still are not resolved. Future molecular systematic studies aimed at filling in missing data in Dataset 2 and targeting additional gene regions for exemplar taxa from all the groups recovered by this study should be the next steps toward recovering a robust phylogenetic hypothesis for these fungi. Additional taxonomic sampling might be necessary before a fully resolved phylogeny for the Pucciniomycotina is attainable. However, excluding the Pucciniales, we have sampled 54 genera, or nearly the entire known generic diversity in the subphylum (Kirk et al 2001) . The Pucciniales is often considered one of the best documented groups of fungi. Yet recent estimates indicate that only 10-30% of their diversity in the neotropics alone has been discovered (Hennen and McCain 1993) . Many genera of Pucciniomycotina have been discovered and described only since the 1990s, often from specialty niches (e.g. beetle galleries, biofilms) or neotropical habitats (e.g. Oberwinkler and Bauer 1990; Oberwinkler et al 1990a Oberwinkler et al , 1990b Pore and Sorenson 1990; Kirschner et al 2001a Kirschner et al , 2001b Sampaio et al 2003) . Furthermore many of these are representative of lineages that are monotypic or problematic with regard to phylogenetic resolution (e.g. Reniforma strues). This would indicate that a tremendous amount of diversity still awaits discovery within this ubiquitous group of fungi.
